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3. IONBEAM

In order to reach luminosity goals for the eRHIC, several anvgments and upgrades have to be
made in ion rings. These upgrades are discussed in this chapter.

The required beam emittance values for eRHIC operation witbrAlow energy proton beam are
below the typical values used presently at the RHIC operatianelBttron cooling technique has to
be applied to bring transverse emittances down and maintain themraguired level. The cooling
can be used also to reach 20cm rms bunch length required for ion buntte€RHIC, or even go
to shorter bunches. The electron cooling is described in details in section 3.1.

While ion bunch intensity in the eRHIC is at the level of bunch intiessised at the present RHIC
operation, the total beam current should be increased considerably,uvyaabor 6. All this current
increase is provided by increasing number of ion bunches circuiatithgg RHIC rings. Since the
present RHIC RF accelerating system is at 360th harmoniovolut®n frequency, the maximum
number of bunches which can be put into the ion rings is 360. In rdadityecessity for an abort gap
will decrease the maximum number of bunches, that can be used, to386o&till we will talk
about 360 bunch mode, assuming 360 bunch pattern by these words.

In order to maximize the eRHIC luminosity this report evaluatedsequences and considered
required upgrades to reach 360 bunch mode. The number of issues whichwideiopreasing the
number of bunches are discussed in section 3.2. They include injection upgheadealuation of
pressure rise and electron cloud problems, abort system upgrade eveluation of heat load in the
cold pipe of ion rings.

Beam instabilities are revised in section 3.3.

The proton polarization issues to provide a proton beam with longitudireizadion direction at
the eRHIC interaction point is discussed in section 3.4. The samenseonsiders using polarized

beams of other ion species, witHe™ as best possible candidate.

3.1 Electron Cooling for eRHIC

3.1.1 Luminosity and Electron Cooling

The purpose of the luminosity upgrade for eRHIC is to decrdwserittance of the stored ion
beams and maintain it at a required level. This will be achievédansuitable cooling techniques.
Present baseline parameters require the following:
1. Decrease of the transverse emittance of Au ions at 100 Gel§ydnem the 95% normalized
emittance of 15tum to 6Ttum. Presently, emittance is increased during storage time from 15
T um to 401t um due to the IBS.
2. Decrease of the transverse normalized emittance of protorns fin5at lower energies 25-50
GeV.
3. Decrease of the longitudinal emittance which provides bunch shortehimgg.beta-star
function at IP requires shortening of the rms bunch length below 2%ctmoth protons and
Au ions.
An initial study indicates that all three major tasks desdrédd®ove can be achieved with the electron
cooler presently under design for the RHIC upgrade project, designatediRHK2].
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3.1.2 Electron Cooler

The layout of the cooler is shown in Figure 3.1.

ke

Figure 3.1: Schematic layout of the RHIC electron cooler (systewn for one ring). The photoinjector is
shown in red, the superconducting energy-recovery linac is shown in yellaalém®id in purple and a
section of the RHIC ring is shown in green.

The electron beam will be produced with a cw photoinjector (laseogdtbbde RF gun), with the
cathode of the gun being immersed in a magnetic field to producagnetized’ electron beam (an
angular momentum dominated beam). Following the initial acceleratittreigun to about 2.5 MeV
the beam will be injected into a superconducting energy recovexy [lie beam transport has to
preserve the magnetization of the beam in the transport witbndiscous magnetic field. The
magnetized electron beam (with its velocity matched to the iampés then introduced intoa 1 T
cooling solenoid. Since the ion beam is much longer than the eldotam, the phase of the
electron beam will be modulated in order to cool the required longé&udxtent of the ion beam.
Other modulations (in energy and radial coordinates) may be intdacghape the ion beam in
phase-space. Emerging from the 30 m long cooling solenoid, the eldsem will be separated
from the ion beam, rebunched (to match the linac acceptance) anerakeckto recover its energy.
The beam will be dumped at about 2.5 MeV.

An R&D on a number of system elements is presently underwayhJphotoinjector (including its
laser and photocathode deposition system), a high-current supercondagitygor the ERL of the
cooler, beam dynamics of the complete system, electron coolmgasion codes and the high-
precision superconducting solenoid.

Electron gun

An electron beam will be produced with a CW photoinjector (laser paittode RF gun). It is
planned to use CsK2Sb (cesium potassium antimonite) cathodes. atlestes exhibit a very high
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guantum efficiency of over 5% for green light. The diode-pumped-stdig laser at a wavelength of
1064nm is planned. The design of the Los-Alamos / Advanced Energy Systean2.5 cell, 700
MHz normal-conducting photoinjector is adopted. The device will be poweyea 1 MW CW
klystron and produce about 2.5 MeV beam at over 100 mA. A computer-gengratadg of the
photoinjector is shown iRigure 3.2

Figure 3.2: The LANL / AES photoinjector which will be used for tleetbn cooler

Energy recovery linac

Following the initial acceleration to about 2.5 MeV the beam wilinpected into a 703.75 MHz
superconducting Energy Recovery Linac (ERL). Each linac caay5 cells with aperture of 17 cm
diameter (se€igure 3.3. The plan is to intercept the Higher-Order Mode (HOM) polaeferrite
absorbers located in the beam pipe at room temperature [3]. The cpeits into a 24 cm beam
pipe. This large diameter is chosen in order to conduct the HOM @ovesr from the cavity. For the
TE11 mode, the enlarged pipe (24cm) has a cutoff frequency of 732 MHz istbelow all HOMs.
This structure has been simulated by MAFIA computer code [2]HIDs with higher frequencies
are less important. The simulations show that all the higher prdées couple extremely well to the
ferrite, resulting in a beam breakup threshold current of 1.8 ampere.
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Figure 3.3: A cross section of the superconducting cavity assembly.

Magnetized beam transport

There are a few straight sections in RHIC where therelecboler may be introduced. Presently, its
placement is considered next to IP4 of RHIC, in the straighibselsetween Q3 and Q4, which can
accept about 30 m long solenoids. The electron accelerators vd# ms#side the RHIC tunnel. The
lattice can debunch the beam in order to reduce the space-aftargetion of the electron and ion
beams or to reduce the energy spread of the electron beam. drhdrbasport has to obey certain
rules in order to preserve the magnetization of the beam in theptid with a discontinuous
magnetic field. Emerging from a long cooling solenoid, an eladieam will be separated from the
ion beam, rebunched (to match the linac acceptance) and decelenateaver its energy. The beam
is then dumped at about 2.5 MeV. Merging the low energy and highyelneags at the entrance of
the linac is done using two weak dipoles with a Stabenov solenoid. nBleediesign assumes the use
of 3rd harmonic cavities for additional control of the longitudinal pregsece. The two solenoids
with opposing fields in the cooling section are proposed to eliminateoth@ing in the ion beam. A
guadrupole matching section between the solenoids maintains magnetization [4].

Superconducting solenoid

The superconducting solenoid for electron cooling in RHIC is desigmedifd’ field, with an ample
guench margin. The total available space for solenoids is ap@m@yn26 meters. This long
solenoid will be manufactured as two shorter sections, 13 m eachw®hsotenoids will have
opposite magnetic field in order to not to introduce horizontal-vertizapling to the RHIC lattice.
A dedicated matching section of 6 quadrupole lenses will flip treetitbn of the magnetization of
the beam between the two solenoids. The solenoid must meet veryrgtfialgequality requirement
with a solenoid field-error below 1x10-5. It will also have concerdrrays of ~150mm long vertical
and horizontal dipole correctors to compensate for any transversponents. These dipole
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correctors will be built using printed circuit coils [5] andlvafovide corrections of up to 10-3 T
with a maximum operating current of 2 A.

3.1.3 Cooling Times

Electron cooling times grow with beam energy. As a result, anraie estimate of cooling times at
high-energy becomes extremely important. An order of magnitudeags, typically sufficient for
conventional low-energy coolers, is no longer acceptable. A systdR&D is presently under way
to simulate high-energy electron cooling for RHIC. Presentlilable analytic formulas for the
friction force are different from one another by a significactdr. In addition, the accuracy of their
applicability requires detailed examination for the electron coglargmeters relevant for RHIC. A
dedicated computer code Vorpal [6] is being developed by Tech-X Cgmpgoroduce a direct
numerical simulation of the friction force and to benchmark availatédytic friction-force formulas
for RHIC regime of parameters. After detailed benchmarkietialie friction-force formulas or
friction coefficients (directly obtained from simulations) wik used in simulations of the cooling
dynamics. Presently, the cooling dynamics is being simulatddtiagt two codes: SimCool [7] and
BetaCool [8].
An initial study indicates that cooling in RHIC at full enerfigy gold ions and some intermediate
energy for protons is feasible. The RHIC gold beam evolution is dosdifgt Intra-Beam Scattering
(IBS), which leads to emittance growth and beam loss. Electroimgasiplanned during the storage
phase of the machine to control IBS and reduce emittances to tegalves (limited by beam-beam
parameters).
Some examples obtained with the BetaCool code (with the parantétetectron cooler given in
Refs.[1]-[2]), which show control of the IBS and reduction of beanittances and bunch length for
Au ions at 100 GeV energy, are shown in Figure 3.4 and Figure 3.5, respectively.
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Figure 3.4: BetaCool simulation code: emittance evolution for As foumber of ions in a bunch Ni=1xX}.0
at 100 GeV, with three different electron-cooler currents: 1) numberecfahs (Ne) in a bunch Ne=6X26-
blue (solid line), 2) Ne=8x10— green (short-dash), 3) Ne=12x40 red (long-dash).

Faster cooling times and reduction of beam emittances carhieyeat by adjusting beam current in

the electron cooler or by employing additional manipulations witheleetron beam, which is
presently the subject of R&D studies.
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Figure 3.5: BetaCool simulation code: shortening of bunch length for 100GexANi=1x16) with the
electron cooler current corresponding to Ne=8%#&@ctrons in a bunch.

For protons at high energy in the range of 100-250 GeV, directaiecboling is not effective.
This suggest a staged cooling [9] for high-energy protons, vwend@tel cooling is first done at low
energy close to the injection. In addition, the electron beam arebecvaried with time to control
reduction of beam emittances to a desired level. At low pratenges in the range 25-50 GeV,
cooling becomes more effective and can be used to control éraesbeam emittances and an rms
bunch length to required values, imposed by an achievable beta-stari@teraction point. Figure
3.6 shows an example for protons at a full energy of 50 GeV, vilitibates that beam emittances
can be maintained at a required level even when cooling is applied directly a¥ sh&gy.
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Figure 3.6: BetaCool: rms emittance reduction for 50 GeV protons (nwhpestons in a bunch Np=1x1p
with the electron cooler current corresponding to Ne=Exdlectrons in a bunch.
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Since electron cooling is effective only at low energy, protons lmeafyrst cooled at low energy and
then accelerated to a required energy. Figure 3.7 shows resgittaduction for the 27 GeV protons
with the number of particles in the electron bunch Ne=5k&Ad Ne=1x1#, shown with red and
green color, respectively. Some reduction of beam emittancehigkier electron cooler current
maybe found desirable if the beam-beam limit in electron beagiaxed, as in the case of the linac-
ring approach for a collider. Corresponding bunch length compressioawoarid high current of
electron cooler is shown in Figure 3.8 and Figure 3.9, respectively.
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Figure 3.7: BetaCool: rms emittance reduction for 27GeV protons (NpZLxiith two currents of electron
cooler 1) Ne=5x1®-red curve, 2) Ne=1x}0- green curve
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Figure 3.8: BetaCool: rms bunch length compression for 27GeV protons (NP5 it Ne=5x10°
electrons in a bunch.
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Figure 3.9: BetaCool: rms bunch compression for protons (NpZt®7 GeV, with electron cooler current
corresponding to Ne=1x10in a bunch.

The protons, initially cooled at low energy are acceleratedftdl energy of 250 GeV, where only a
very weak diffusion due to the IBS occurs. For example, storaZfg0aBeV is shown in Figure 3.10
and Figure 3.11 for protons initially cooled to a normalized rms emétaf 0.8um (4.8 um 95%
emittance) and 1.2im (7.2 um 95% emittance), respectively. Cooling of protons and Au ion
bunches of even higher intensity is discussed in Appendix A.
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Figure 3.10: BetaCool: Emittance growth at 250 GeV of protons (NpXitidially cooled to an rms
emittance of 0.§im at 27 GeV, with the electron cooler current corresponding to NeZirkDbunch.
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Figure 3.11: BetaCool: Emittance growth at 250 GeV of protons (NpXitidially cooled to an rms
emittance of 1.2im at 27 GeV, with the electron cooler current corresponding to NeZirkDbunch.

In figures fromFigure 3.4to Figure 3.11 time evolution is shown for the rms beam parameters.
However, the process of electron cooling results in a rapid coolittieafore of beam distribution.
This feature has a unique application to cooling in a collider: emea felatively weak cooling of
rms beam parameters one can get a significant luminosity gairesult of cooled beam core. This
major feature of electron cooling in a collider is shown in Figui€-Figure 3.15. In this example,
the parameters of the electron cooler are chosen such that thébe@ns emittances stay
approximately constant during the cooling time, as shown in Figure f8rlthe unnormalized
transverse rms emittances.
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Figure 3.12: BetaCool code: Time evolution of unnormalized rmigtaroes for Au ions (N1x1C® in a
bunch)at storage energy of 100 GeV for a typical parameters obalecioler with N=6x10".
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Figure 3.13: BetaCool code: Time evolution of longitudinal beaofile (4 o) for the same parameters of
electron cooler as in Figure 3.12.
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Figure 3.14: BetaCool code: Time evolution of horizontal beamlprffic) for the sameparameters of
electron cooler as in Figure 3.12.
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Figure 3.15: BetaCool code: Example of the luminosity increasA@u-Au collisions in RHIC at 100 GeV
due to a cooled beam core (Figure 3.14) even for the case whenstimer@apid cooling of the rms beam
parameters, as shown in Figure 3.12.

A detailed benchmarking of simulation codes is presently in progress.

3.2 Towards 360 Bunches in RHIC

To achieve a high luminosity in eRHIC, the bunch number in the hadrgrofiRHIC needs to be
maximized while the bunch spacing in the hadron and electron riregls e be the same. With
larger bunch numbers, and consequently larger beam currents, a number ofrefé¢die addressed.
Among those are

Acceleration of high intensity beams

Vacuum breakdown with high intensities

Increased heat load to the cryogenic system
Instabilities, single and multi-bunch

Long-range beam-beam interactions

Radiation safety concerns with high intensity beams
Injection

NoahkwNpE

3.2.1 360 Bunches Injection

Currently the maximum number of bunches is 112, limited by thetiofekicker rise time and the
need for an abort gap. After summarizing the current injectioense, we discuss 3 options to get to
larger bunch numbers in RHIC:

1. Very fast injection kickers

2. Long flattop injection kickers
3. Barrier rf stacking and bunching into the current 28 MHz acceleration system
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The first and third option has not been demonstrated at another atweleith beam parameters
comparable to those required at RHIC. The second option resemblesoinjechemes use at
HERAp, and foreseen for the LHC.

The existing injection scheme

Bunches are transferred from the AGS to RHIC one-by-one, anddpiat® one of the RHIC
accelerating buckets of harmonic 360. With this scheme the harmonic numbers GiSresmd RHIC
are independent. The injection kickers rise for each bunch, and havegnatied strength to provide
a 1.5 mrad kick for the beam of 81 Tm rigidity. The kicker flattppeacommodate a single bunch. In
this way, the bunch spacing is limited by the injection kicker tilrme. A gap is needed to allow for
the abort kicker to rise without kicking beam into the superconductagnets. Injection kicker rise
time and abort gap currently limit the number of bunches to 112, warempty buckets between
filled ones. The main parameters of the existing injection system &e iinStable 3.1

Table 3.1: Main parameters for the current injection system for ddrams

Parameter Symbol Unit Value
Beam rigidity Bo Tm 81

Rf frequency fre MHz 28
Harmonic number h 360
Bucket length lbucket ns 36
Total bunch length lbunch ns 15
Injection kicker rise time  tyse ns 95
Revolution time Trev us 12.8
Abort gap tabort s 0.85

Very fast injection kickers

If the injection kicker rise time could be shortened, more bunches ceulgeoted with the existing
scheme. With the existing bucket spacing, bunch length, and aborsegalfle 3.}, the injection
kicker rise time would need to be 57 ns or less if every othdebug filled (allowing for a total of
168 bunches), and 20 ns or less if every bucket is filled (allowing for a total of 336 bunches).
Reducing the injection kicker rise time in RHIC is limited $®veral conceptual and technological
constraints. The present system is well understood and can sebasisdor scaling. The four
injection kickers are in a warm space of 5.4 m length, betweeflathges to the Q90 and D90
magnets. The physical magnet length is 1.12 m, and the efféatiite length 80 cm. The magnet is
designed as an all-ferrite transmission line with @Q@haracteristic impedance. The propagation
velocity was measured to be 3.3 cm/ns (one ninth the speed of [ligtg)thyratron pulser delivers a
pulse with a 33 ns rise time. In order to avoid voltage breakdown, cker ks presently operated
with a mismatched 28 termination, resulting in an effective rise time of 95 ns.

The design concept for the present kicker system can accommodaigethiene requirement for a
180 bunch pattern. This can be achieved by operating the kicker fulbheda leading to a pulse
transit time of 24 ns which together with the pulser rise w83 ns leads to the required 57 ns.
Necessary changes must address the voltage limitation in the kicker:

- Currently only 60% of the available warm space is filled withitks and a fifth magnet may be
fitted in. The additional magnet can serve to sufficiently redine operating voltage while
retaining the present kicker constructions. Alternatively, thesit time in a shortened magnet
leads to gains of about 5 ns in rise time.
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- Another solution would be to adopt conventional plate kickers designed fa@rt@5match the
present Blumlein pulser. However, the transit time would be iseteto an unacceptable 38ns.
By accepting the reflections at the kicker input, which the ptesgstem tolerates, one can
design the plate kicker for 40, or even 5@, and operate it with matched termination.

Whereas a solution for the 180 bunch pattern is plausible within presemailable technology, the
requirements for a single bunch injection with 20 ns rise timihe 360 pattern are extreme. An
advanced R&D program at the Lawrence Livermore National LabgrétdMNL) has the goal of
achieving 10 ns rise times in pulsers using solid state M&tade Semiconductor Field Effect
Transistors (MOSFET) and Insulated Gate Bipolar Transist@BT). Assuming that 10 ns can be
obtained at the current/voltage level required, only 10 ns remairtbd transit time in the kicker.
Thus, the effective kicker length is limited to 33 cm providgdlb units. Although in principle
possible, this solution would require a completely new injection mydteeker magnets and pulsers,
as well as dramatic technology breakthroughs and corresponding R&D efforts.

Long flattop injection kickers

With a long flattop of the injection kickers, a whole AGS fill could be transferred at onc

This would require a new rf system in the AGS and a comple&lyinjection system. With about 6
such transfers, RHIC would be filled. For this the bucket lengthenPAGS and RHIC must be the
same. That could be achieved by having a 28 MHz system in the AGS. The circumééiieRE is
19/4 of the AGS circumference. If the RHIC harmonic number msnanchained, the AGS
extraction would need to be performed at a non-integer harmonic. Furteeabout 20 times more
intensity would need to be accelerated in AGS than with the cuscbeime, while preserving the
transverse and longitudinal emittances. With 20 times more boosles ayeeded to fill the AGS,
some part of the beam would stay significantly longer at Afgstion, subjecting it to space charge
and possibly intra-beam scattering effects. The large numiBzrasiter cycles needed to fill the AGS
may also raise issue with the local electricity utility.this scheme, however, the rise time is a less
critical issue since a few gaps in the bunch train would have only a smetlaifehe luminosity.

Barrier rf stacking

By employing a barrier bucket system in RHIC it is, in gpte; possible to inject a large number of
bunches without constraints from the injection kicker rise time. Adrdvucket system creates only
a few rf wave forms per turn. In this way, beam can be heldanga part of the circumference, and
new bunches injected in buckets that are then merged into théolmu (sed-igure 3.18. After
injection of all bunches, the beam can be bunched with the 28 MHz raticglesystem, and
accelerated to the store energy.

First consider the rf gymnastics that was used in an AGS ieygr@is. A schematic plot of the net
voltage per turn for injection above transition is shown below. Notetligatime scale is very
different from what would actually occur so as to make details clear.
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Figure 3.16: Rf voltage (red) and beam current (green) over one turn.

The rf waveform is shown in red, and wall current monitor signakeéerg A bunch has just been
injected between the closely spaced barrier waveforms, Wwhaen is held in a large part of the
circumference. The next step is to adiabatically lower thedbdyetween the freshly injected bunch
and the long bunch. The voltage waveform confining the right sideeahjected bunch would need
to be tuned so that the merge conserves emittance. Naively|abh@nteime scale for the merge to
conserve emittance is the time it takes a particle to perforenoscillation in the long bunchyg =
Tef/Af. For an rms momentum spreaddpfp = 0.001 one find3,g = 29 s fory= 25.9, which is far
too long to be practical.

The time required for the merge can be shortened with a techhigiueéaes not require a change in
the momentum spread of the stored bunch. One way to accomplish thghift both the amplitude
and the timing of the waveforms that confine the injected bunch as the merge proceeds

initial
no shift
shifted

dp/p

rf phase

Figure 3.17: Phase space distribution of the long bunch, beforaftenda merge without and with shifted
barrier voltage.
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Figure 3.17 shows the longitudinal phase space area before and bftech merge. The red curve
shows the initial phase space boundary of the stored bunch. If theevoftge barrier between the
stored and injected bunches is simply lowered the green curve resultspribi¢bes were completely
adiabatic the green curve would have a smaller peak value than showevé, if the barrier
voltage is simultaneously shifted and lowered, the blue curve cowtthmed. The areas under the
blue and red curves are the same. The adiabatic time in thiscaseiced by the ratio of the barrier
length to the machine circumference, of order 0.01 in our case. ©hig allow for bunch transfers
every 300 ms.

Another option is a technique described by K.Y. Ng in [10], which emplmysier voltage
waveforms that do not change sign in the merging region. The bsimglected off momentum, and
accelerated through the barrier into the stored bunch. This ig likebsult in an emittance growth of
about 50%.

Summary

To increase the bunch number in RHIC beyond the current value, a nafrgreblems need to be
considered. One of the most severe problems is the injection sch¥eneonsidered very fast
injection kickers, long flattop injection kickers, and barrier rf ldtag, to fill close to 360 bunches in
RHIC. The parameters of all three options are beyond the operatiditions of any existing
machine. Thus, significant research and development is needed for either option.

3.2.2 Pressure Rise and Electron Cloud

This section reviews presently existing limitations on ion baasnsity due to pressure rise and
electron cloud effects. Plans to overcome the limitations in ocod@ctease the number of bunches,
ultimately to 360, are considered.

Injection pressure rise

Pressure rise at the injection has been observed for gold, deuteroprotm operations in the
RHIC. This pressure rise limits operation of 112 bunches with bunch itgtefid 0’ gold ions, and
10**for protons [11].

It has been diagnosed that the injection pressure rise is due to the electrorctimgtipa. electron
cloud. The evidences include,

1. Electron detector signals are very closely related withptessure rise, at onset, saturation,
and drooping.

2. Pressure rise and electron signal are very sensitive to tloh Bpacing, 112 bunch mode is
much worse than 56 bunch mode. Note that the sensitivity to bunch sgaamgmportant
characteristic of the electron cloud.

3. Bunch gap helps.

4. Solenoid field at 5 to 50 Gauss can suppress both pressure rise @muhedggnal, but not
completely.

5. Beam scrubbing has been demonstrated helpful in reducing pressure rise.

On the other hand, the electron cloud observed at the RHIC isediffeom other machines. For
example, the RHIC electron cloud takes place at the bunch spaciigofs or even 216 ns. All
other machines have much smaller bunch spacing.

1. The B factories, KEKB and PEP II, have bunch spacing of 4 ns to 8ns.
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2. Electron cloud was peaked at 20 ns of bunch spacing at the APS of Argonne.

3. SPS observed electron cloud at 25 ns bunch spacing with the thresholdlofritensity of 3
to 4x10d° protons. At the bunch spacing 130 ns, no electron cloud observed at the bunch
intensity of 25x10" protons.

4. Tevatron observed electron cloud at 18.9 ns bunch spacing with the bunchyirieasiL0°
protons. The situation is very similar to SPS. The Tevatron Runnlqalss for 132 ns bunch
spacing with bunch intensity of 10" protons.

The RHIC pressure rise and electron cloud have several disheduharacteristics from other
machines.

1. It only takes place in warm sections, and the pressure ris#ulitn in the ring is very un-
uniform. When pressure rise at certain location(s) is high enoudgbg®e the vacuum valve,
many locations have none. The worst locations also may change.

2. Given same chambers, the beam intensity threshold at the Q3 to Q4 straight 8daneters
long, is only 60% of that at the interaction straight section, which is 17 meters long

3. No noticeable cryogenic heat load has been observed. Together withsémee of electron
cloud induced beam instability and emittance growth, it is believe tiseno electron
multipacting at the RHIC cold region.

4. RHIC pressure rise decreases at the ramp, and it is nonaexastéhe store. In SPS, the
electron activity was stronger at the store than at the injection [12].

It is suspected that the beam halo scraping at the wall, wielcbrates mostly positive ions, may
have helped the secondary electron to survive long bunch gaps, and makes ehedtipacting
possible. If this is the case, then most RHIC injection pressure rise obsercatidms explained.
During the 2003 polarized proton run, a beam scrubbing was studied. Totaihteghkity beam
scrubbing time was less than 1 hour. However, beam scrubbing effecbs@rved not only in the
locations with highest pressure rise, but also in others with noakjpressure rise. The feasibility of
applying the beam scrubbing in RHIC to allow for higher beam intensities hasds@med.

In Figure 3.18, it is shown that for locations with high pressureatiséout 5x18 Torr, the pressure
rise kept about the same for 3 fills. For locations with mediunspresise of about 5x10Torr, the
pressure rise increased. For locations with low pressure fisssahan 5x1®Torr, the pressure rise
of 3rd fill is about 2.5 times higher than the first fill, whichapproximately reflecting the beam
strength in terms of exciting electron multipacting.

In Figure 3.19, the scrubbing effect at all locations in the srdjsplayed against the dose. Note that
the dose is defined as the pressure rise times the beam scrubbing duration.

For RHIC operation, the complete elimination of the injection pressseeis not necessary.
Therefore, a limited time of high intensity beam run mighsiiéicient to allow beam injection with
higher intensity.

eRHIC ZDR 131



Chapter 3: lon Beam

‘ Fill 3
2
4 5
o
}_
© Group 1
] -
&2
0 ‘ . ; ‘ .
40 50 60 70 80 90 100 110 120 130 140
6 .
Bil
£ 1
P4l
’!‘v Group 2
—2F - Bill
0 | | | | L I L L |
40 50 60 70 80 90 100 110 120 130 140
2
= 10 Bo7
K
@ Group 3
g s i
0 | | L L L L | |
40 50 60 70 80 90 100 110 120 130 140

Time, Minute
Figure 3.18: Typical pressure rise pattern for three diffenenips, with the high, medium, and low pressure
rises.
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Figure 3.19: Beam scrubbing effect. Unit 1 means no scrubbing effect. Rexdelfis the Q3-Q4 single beam
straight sections. Black dots are special ones in sections 4 and 10. Blaeedfiair interaction regions.
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Transition pressure rise

The beam transition pressure rise for heavy ion operations iseanotensity limit for the RHIC. In
Figure 3.20, the transition pressure rises in the deuteron-goldu)(duk at IR2(BRAHMS),
IR1I0(PHOBOS), and IR12 are shown against the total beam intensignsity unit is charge
equivalent to 1e9 Au ions.

Pressure rise, Torr

a0 100 110 120 130 140
Total intensity —

Figure 3.20: Transition pressure rise at IR2 (red), IR10 (cyan), IR12 Iblack

The characteristics of this pressure rise are as follows:

1. The pressure rise is quasi-exponentially proportional to the total beam (chézgsity.

2. For same intensity, no difference between 56 bunch and 112 bunch modes cantifiedide
The absence of bunch spacing efect indicates that the imarmieéssure rise is not dominated
by the electron cloud. Another evidence is that no electron multigasignal has been
detected at the transition.

3. In Figure 3.20 most high intensity ramps are included, where the beam loss @ariséion
varies from less than 1% to larger than 10%. The reasonably namalwrbthe pressure rise
distribution indicates that the beam loss is not a dominant factor.

4. The pressure rise is not related to the ion species. The goldibesusity was considerably
higher than the deuteron in early run. After the deuteron bunch mergeAG&&ooster, the
deuteron intensity was much higher than gold beam. No difference odentiéed regarding
to these different beams. Since the gold ion gas desorption coigs se about 79 times
larger than the deuteron ion, this indicates that the gas desorptionasdominant factor in
the transition pressure rise.
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It is found that the transition pressure rise is, on the other hdateddo the beam momentum
spread:

The beam momentum spread is 0.17% at the injection, it is peake8%tad the transition, and
decreases afterwards. The pressure rise follows this patteproton run, the beam momentum
spread decreases in the acceleration, and the pressure rise decreakes as we

The bunch length seems not a dominant factor in the transition pressereAt the beam
rebucketing, where the bunch was captured in 200 MHz storage, ¢heityunch length reduces to 5
ns, the same as that at the transition (the beam potential at the rebucketingjlis 2% higher than
that at the transition due to the smaller transverse sizefpoyeebucketing pressure rise observed in
the d-Au run.

The total storage cavity voltage was 2.5 MV in d-Au run. At the dadtuny, the beam momentum
spread was 0.17%, the same as that at the injection, and much law8@r3¥aat the transition. This
may explain the absence of the pressure rise at the rebucketing.

In Run 4, two more common cavities have been commissioned to increaseatheebucketing
voltage to 4 MV. The beam momentum spread at the rebucketing betamger than 0.19%. The
pressure rise was observed at several interaction regions. Myier Btorage voltage and the better
rebucketing imply higher beam peak current and beam potential. Aaglydisome electron
multipacting may have been observed at the rebucketing in Run 4.

The transition pressure rise had caused serious experiment backgroblepmn d-Au run. For
same luminosity, 56 bunch mode requires 30% less total intensitytilead12 bunch mode.
Switching from 112 bunch mode to 56 bunch, the experiment background wascarghjfi
improved. One might expect that the background problem will be relegam at higher beam
intensity, since given 56 bunch mode, the luminosity increasé atguare of the bunch intensity,
whereas the transition pressure rise is quasi-exponential to that.

Some NEG (non-evaporable-getter) pipes have been installed irHtkeriRgs for test. Very rough
surface of the activated NEG coating is essential forebgitimping. As by-products, the SEY
(secondary electron yield) and electron desorption reductions have hssured for the NEG
coating, where the rough surface may have contributed. To afléhttransition pressure rise, ion
desorption reduction might be more important. The data on this taspelsowever, less than
sufficient. The NEG pipes in RHIC have made possible for thiei&ian on ion desorption, and also
other issues, such as the activation condition, the saturation difeeiging, venting effect, possible
dust, and impedance problem, etc.

For same purpose, a test stand has been built at the Tandem Veaatfe @fferent activations will
be tested, and also the ion desorption on the shallow angle ion begnmgon stainless steel and
NEG surface will be compared.

Scenario of 360 bunches in RHIC

In the scenario of 360 bunches in the RHIC, not only the injection anslition pressure rises, but
also a usual electron cloud may take place for both proton and heatbgaors. With the bunch
spacing of 35 ns, eRHIC is very similar to SPS and LHC ingerfrelectron multipacting. In Table

3.2, the eRHIC heavy ion and proton parameters are compared withSren8&RHC, Where{AE> is
the energy gain per bunch passing.
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Table 3.2. Parameters defining electron multipacting for eRHIC, SPSHDd L

Injection/store eRHIC,Au eRHIC,p SPS LHC

Kinetic energy,E, , GeV/u 8.9/100 24/250 26/450 450/7000
Charge per buncNg, ,10* 0.79 1 1 1

Bunch spacingts, Ns 35 35 25 25
Chamber radiud), cm 3.45 3.45 2.5 1.74

Beam radiusa, mm 3.0/0.93 1.9/0.59 3.2/0.78 1.15/0.293
Energy gain(AE), eV 104/154 198/277 267/450 728/1095

The bunch spacing is one of the most important parameters. Inlgérgex the bunch spacing, less
the secondary electrons survive the bunch gap, and higher SEY islieeééectron multipacting.
The 35 ns bunch spacing at the eRHIC is only a little larger than the 25 ns at the SPi€and L
The second most important parameter is the energy the elegaomsd during the one bunch
passing, which is

__e (NyeZ )| (b
<E>_ﬁ(%j |n(aj (3.1)

where Z, =377Q is the impedance in free space, andis the mass of electron. Most important
factor affecting(AE) is the bunch intensity.

The intensity threshold at the SPS was considelablgr than the LHC beam requirement. It was 5
to 6 1Qo at the straight sections, and 3 to 4x&0 the dipoles. Only after several days of beam
scrubbing, the LHC beam requirement was achieved.

For normal electron cloud, eRHIC have several resues to deal with.

1. Electron multipacting in cold region. The chambadius at the cold region is 3.46 cm,
compared with 6.1 cm at warm sections. The multipgcthreshold at the cold region is,
therefore, lower. Once electron cloud built up, tngogenic heat load will be of concern.
Experiment data at the CERN SPS shows that thelbadtis larger than 1.2 W/m under
electron multipacting, which is not acceptableRb#IC cryogenic system [13].

2. Since the cold region consists 3/4 of the RHIC rittige electron cloud induced beam
instability and beam emittance will be of concern.

3. Electron cloud will present not only at the injectj but also at the ramp and storage.

4. Electron activity in dipole and quadrupole becomasvant. The multipacting threshold at
the dipoles is lower than that at the straightisast Moreover, since the electron dose stripes
in dipoles vary according to the bending field dy&hm intensity, the scrubbing is more
difficult. As for quadrupole field, it is suspectétk electrons are trapped there and stay for a
long time.

The pressure rise at the cold region is probablyamroblem, thanks to the cryogenic pumping.

Plans

RHIC pressurerise
Active study is undergoing at the RHIC in searchiog the pressure rise and electron cloud
remedies. Collaboration items with the eRHIC effodude,
1. Beam scrubbing, which has been demonstrated irciple but further study is needed for
incorporating it to the operation. First for protoeam, then for heavy ion beam.
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2. Beam scraping study of ion desorption. The ion gegm of high energy particle at glancing
angles is still a pending issue. At the RHIC Rurwdrm dipoles will be used to actually
scraping ions at the wall to measure the ion desorpate. Measurement will take place for
both stainless steel and NEG pipes for comparison.

3. The relation between the beam momentum spreadhanttansition pressure rise remains to
be clarified. By changing the RF voltage at theésron, this can be studied. The approach
has a potential to provide a remedy for this pressge.

The RHIC effort in reducing the beam induced pressise is past two years has already gained
much better understanding and the machine impronemdese efforts, such as baking, solenoid,
beam scrubbing, beam injection pattern, and NEGirgavill likely to take effect and gradually
improve the RHIC performance.

Electron cloud
The 360 bunches mode cannot be studied at the RHiI€{o the lack of beam injection apparatus.
Since the situation will be very similar to the LH& collaboration should be pushed forward.
Fortunately the intense studies have been undeggimin several years in the CERN, including
numerous beam experiments at the SPS, simulati@htheeoretical efort. Suggested collaboration
items include,

1. Heat load problem. Experiments at the SPS, dutieg2003 run, have shown that the heat
load is significant enough to be treated serioUslyther data are of interest.

2. Electron activity at dipoles and quadrupoles.

3. Beam scrubbing efect at the cold region. Also iI028PS experiment, it was found that the
cold region scrubbing was much less effective thai at the warm region [13]. According to
these results, the current LHC plan calls for afligi using not higher than 4010 protons per
bunch for 25 ns bunch spacing, and/or a 75 ns bspabing injection. The lengthy scrubbing
scenario is under study, which is pending on séuertknowns, such as the possible beam
instability during the scrubbing, the maximum hdés&d can be tolerated, and magnet
guenching problem.

The eRHIC-LHC collaboration should be on both ekpental and theoretical aspects, and
simulation will be an important tool.

180 bunch scenario
Given luminosity unchanged, it is of interest tadst the benefit of using larger bunch spacing and
higher bunch intensity.
Issues related with the 180 bunch (70 ns bunchirgggevith 40% increase in bunch intensity,
include,
1. Electron activity will be reduced compared with t8&0 bunch mode. The decrease of the
electron activity is more than linearly proportibria the inverse of bunch spacing. The
experimental data of the SPS are shown in Tabl¢13]3

Table 3.3. Bunch intensity threshold versus bunch spacing from SPS experita¢atal
Bunch spacing 25 50 75 ns
Bunch intensity threshold 0.3 0.6 1.2 40

2. In 180 bunch scenario, the total beam intensityesuced. This will benefit at least the
pressure rise in warm sections, perhaps more.
3. Heat load needs to be estimated, including thetresiwall contribution.
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4. Beam scrubbing needs to be studied.

3.2.3 Beam Abort Issues

The general issue considered in this section 8hat extent an upgrade of the present RHIC beam
abort system is required to cope with the eRHIGgekevel beams. An eRHIC proton beam would
contain 360 1x1H proton bunches at an energy of 250 GeV. The dpas#fue which appears most
likely to require some upgrade is the likelihoodttheam “punch through” from a well-controlled
dumping of a design level eRHIC proton beam wouldregh the magnet downstream of the dump
absorber. In addition the increased heating argsts in the steel section of the absorber neleel to
revisited.

For reference the present Accelerator Safety Epee(ASE) limits beams in RHIC to be less than
(120 proton bunches of 2xT(particles each at 250 GeV). The ASE also setsmaxi numbers for

a gold beam, namely (120 gold bunches of 2xgdld ions at 100 GeV/u). The gold situation is
relevant here to the extent that we try to leaomfigold experience - past or future. The proton and
gold ASE limits correspond to machine setups wihat magnetic fields or currents in the RHIC
superconducting magnets and hence to magnets gunvith equal beam-heating margins before
guenching. The proton and gold limits also correspto approximately equal radiation “dose”
creation outside the machine shielding for a ldsthe same fraction of the entire beam. The two
ASE limits do not necessarily correspond to eqis&isrfor beam induced quenches. That the present
proton ASE would be exceeded by 50% for the eRHi€igh is not the subject here, but of course
this dose production is a major ASE issue, whict méed to be reconsidered. Also any proposed
near-term beam tests toward understanding the duosprber behavior during an eRHIC size beam
dump must still cope with the RHIC ASE.

Present experience with dumping high intensity keengiven (approximately) by gold beams at 100
GeV/u and with 60 x 1xT0ons and by proton beams at 100 GeV and with 620" protons. The
100 GeV proton experience teaches us little siheentagnets are powered with only 40% of the
current required for eRHIC. The quench margin igdaThe gold experience is with the right RHIC
magnet currents — the right quench margin. Theé betam energy is lower that eRHIC by a factor of
six. As will be mentioned again below, this is tid only trouble with gaining relevant information
from gold dumps.. Simulations have indicated tloatgold and proton beams with equal energy the
magnet heating from beam escaping the dump absmrlmet equal, and unfortunately higher by a
factor of 2 -3 for the proton beam.

Experience with the present abort system religbiidis not been satisfactory in that the system has
“prefired” too frequently. A prefire means that ooat of the abort system’s five PFN-magnet
modules has triggered spontaneously causing tiseoliolhe circulating beam. The prefire starts with
a very weak kick given to some of the beam and whth rise of the abort magnet currents not
synchronized to the “abort gap” present in theutattng beam. A fast “retrigger” circuit greatly
reduces the damage from such events (at leastsatrpansities) to the RHIC experiments, but has
not prevented many magnet quenches (and lost bheaa) tThe damage from prefires would scale
with the intensity of circulating beam. With a factof six more beam in the machine, losses
marginally tolerable now would probably be intoldea This situation is already not acceptable and
so the problem will be solved or at least greatiproved independent of eRHIC.

The beam energy available for deposit into the davgorber is larger than our present experience
by the factor of six. As a result the heating ia #bsorber will increase significantly. For the RHI
design this general subject was studied and repameby A.J.Stevens in [15]. The initial energy
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deposition as the beam enters the dump absorlpeedscted to be not as severe for eRHIC as for
even our present running conditions with gold du¢he "Z” dependence of the initial ionization
energy loss. The maximum stresses in the downststaat section will increase, and need to be
revisited. For the geometry studies in the '92 ntitey were shown to be acceptable with RHIC
design intensity. Stevens’ work was done with asodber design somewhat different from what was
actually built several years later. In particula is working with an upstream carbon section 1.5
meters long while the constructed absorber hasn@t2rs of carbon [16]. The longer carbon section
will reduce the peak stress in the steel. Anotlpgrade to attack this problem is suggested in the
introduction section of [17], namely to add a w&atisweeping magnet upstream of the absorber to
further spread the incoming beam over the absddmss. Temperature issues with a longer time
constant are also relevant. The Beam Dump secfitimledRHIC Design Manual states that a system
to actively cool the absorber is unnecessary famniseup to four times RHIC design and bumped
once per hour. The eRHIC design intensity wouldiregrevisiting this aspect of the situation.

Now the “punch through” issue is discussed. Thestjan is: will the magnet (Q4) just downstream
of the dump absorber quench if an eRHIC desigmsity beam is dumped in a well-controlled way?
Two RHIC reports by A.J. Stevens [18],[19] dealhwihis subject. The earlier report uses a less
specific model for the vacuum chamber and magnategéry. The second is fairly close to what was
actually built.

Some of the conclusions from these reports are sumetd here. For a geometry close to that built,
and with several conservative assumptions desciib#te reports, there is no margin for quenching
at the RHIC design proton running conditions — @tbéinches each with 10protons and at 250
GeV. This at face value implies that the eRHIC ¢toidl would push Q4 over the quenching limit by
the factor of six. Also in these notes, and as meatl above, Stevens reports that simulations
suggest 19gold ions at 100GeV/u creates a lower hot spghénmagnet coil than 1bprotons at
250Gev by a factor of 2 to 3. Stevens simulatedpmssible modification from what became the as-
built geometry, namely using a beam pipe for thanbeirculating just beside the primary dump
absorber with a 3mm wall thickness vs the “as-budile5mm. This change increased the predicted
guench margin by a factor between 2.5 and 5. Sgeabo suggested adding a shielding “collar” at
the upstream end of Q4, (the design manual spdakdding a Q4 liner), and magnetizing the steel
of the dump absorber as potentially effective modifons. He notes but does not quantify, that the
amount of punch through is sensitive to the sizéhefabort kick — so a stronger kicker would also
decrease the heating in Q4. Clearly there neede tadditional simulation work with the present
geometry to see how significant a redesign is requio satisfy eRHIC, and the work by Stevens
points in some reasonable directions.

Can any information be deduced from the fact RidtC is no longer just a paper machine? Q4 has
not quenched during dumps. This is a necessaryitemmdo believe the past simulations, but not
useful beyond that. Gold at 100 GeV/u and at th& Afensity limit would be interesting, but again
not sufficient since it is expected that gold isslesffective in generating the quench conditions.
Protons only get interesting at 250 GeV, which @ a planned running configuration for a few
years. If this condition were available, then dungpat the proton ASE is certainly interesting, sinc
that condition is only 50% away from the eRHIC desiThe injector is not a limit for proton
intensity, so doing such a test is not completebzyg, though obviously RHIC must be able to
accelerate the beam.
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3.2.4 Cryogenic Load Limit

RHIC is a superconducting machine and all its m&gndipoles and quadrupoles, are
superconducting magnets. Because of this mosteoRtHIC beam pipe is at cryogenic temperature.
The limit on allowable heat load on the walls o€ tbold vacuum chamber provides a serious
limitation on the total beam intensity which candiered in ion rings. The capacity of the present
refrigerator of the RHIC cryogenic system defitiegs maximum allowable heat load at the level of
0.5-1 W/m. Two dominating sources of the vacuupepieat load are pipe heating by the image
current of the beam due to finite wall conductaad heating produced by the electron cloud.

The vacuum pipe used at the RHIC is made from Is&snsteel with the conductivity of
og=2uQ"'m™* at 4.2K. Heat load produced in the resistive wafishe vacuum pipe depends on
bunch intensityN,, number of bunched in the beam and on the rms length of individual

bunch. To evaluate the pow& of the resistive heat load the expression derineithe paper [20]
has been used:

) n 2
P=2I — | expl-n’a? 3.2
ave;R:(ncj F( ) ( )
where |, is the average beam currenty =Mg, /R, and R,is the average ring radius. The

parameters of critical resistané® and critical harmonic numbey, are defined by properties of the

vacuum pipe such as the conductivity, mean frel leaigth for electrons and the pipe radius. For the
RHIC stainless steel vacuum pipe at 4.2K tempegahase parameters are equal to:

_8.0x10"
n=— —

M

Due to very large value afi, the anomalous skin effect is not important for &t¢IC vacuum pipe
and is not taken into account in the expressia?)(3Figure 3.21 shows results of resistive head lo
calculations versus rms bunch length for differemmber of bunches with 10 proton bunch
intensity . At 360 bunches the heat load limit & W/m is reached a7, =12cm. The rms bunch
length value for eRHIC operation, 20cm, stays byertban factor 2 below the cryogenic limit, thus
providing necessary safety margin.
Since the result of the infinite summation in tregpuation (3.2) is approximately proportional to

M o7 ¥? the resistive heat load power is proportionaMdN? . Then for the eRHIC luminosity in
cryogenic load limitR,, , at fixed bunch length, one gets dependerce:R,, /N, . It shows that at

the same total proton current increasing the nurobearticles per bunch effectively leads to lower
luminosity. Increasing the number of bunches wtidereasing the bunch intensity would be a way to
go to higher luminosity. But it will require thersaus upgrade of RHIC RF system.

R =6.04x 16 Q,
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Figure 3.21:The resistive heat load power per unit length versus rnts leagth for different number of
bunches with the intensity of ¥@rotons per bunch. The maximum allowable load defined by RHIC
cryogenics is about 0.5 W/m.

The heat load contribution from electron cloud nhidde very important as demonstrated by
experiments done at SPS accelerator at CERN. dadtrhore than 1 W/m has been observed there
at similar to RHIC bunch intensities but with srealdistance (25ns) between bunches [13]. The
subject will require careful studies to evaluatmoatribution from this source of heat load for eRHI
parameters.

3.3 Instabilities

At present we are most troubled by single buncinstrarse instabilities near transition. The
transverse impedance model is low by about a fagtd® [21],[22] , so we will scale the most
extreme conditions from the last run to obtain shodd estimates.

For a short range transverse wake field, the rigitle betatron tune shift i&Q=KyZI /Ay,
where K, is a constant that depends only on the latticeraadhine impedance, Z and A are the
atomic number and mass of the idp, is the peak beam current, apds the Lorentz factor. When

the rigid mode tune shift becomes too large, inbtigls can result.

The fast head tail, or transverse mode couplimgtability threshold is reached when the rigid mode
tune shift becomes comparable to the synchrotroa.turhis threshold also depends on the relative
length scales of the bunch and the wake field [28], For a general wakefield the dependence is
fairly complicated but since the instability is dtee coupling between low lying snychro-betatron
modes a pessimistic estimate can be made by asguh@hthe wakefield is a step function. In this
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case the instability threshold for a rectangulardbuis given byAQ =Q, /2 For a 2 particle model
one getsAQ = Q, /77, suggesting that the estimate is fairly robust.

For unstable transverse microwave modes the thigsis AQ =K, |E+nn|d+q, where K, isa
constant of order unity¢ is the un-normalized chromaticyn = f / f, is the ratio of the instability
carrier frequency to the revolution frequengyjs the frequency slip factog is the fractional, rms
momentum spread, and q is the rms detuning withttoet amplitude. For £ =q=0, and 1/ f

equal to the bunch length, the transverse microw&weshold is similar to the fast head-talil
threshold. Direct addition of the detuning and reatnm dependent damping terms is a rough
approximation and more accurate formulas will besidered in the future.

A high intensity study from May 30, 2003 sets sgdimits on the various thresholds.

Six bunches of 2x10" protons with| » = 55A were stored withy =25. The rms bunch length

was o, = 23ns, so co, = 70cm. The synchrotron frequency was abo2®Hz and the 95%
normalized transverse emittance was between 12%amnan-mrad.

The rms detuning with amplitude was calculated frarmodel to beq=2x10". Since the
synchrotron tune wass3x10™ , the damping from each source is comparable. €RIHIC
operations the synchrotron tunes will be no sméfan those during the study. If we assume tlet th
octupoles can always be tuned to give the sametums spread then thresholds during eRHIC
operation can be estimated by demanding that tiid mode tune shift be no larger than it was
during this study. Takeo, =15cm, which is the nominal bunch length during collisior eRHIC.
The maximum bunch intensities calculated by thighoe are shown in the third column of the

Table 3.4.
Table 3.4: Estimated bunch intensity thresholds for differentspacid energies.

gamma Species Threshold, samAQ
25 Protons 4.3E10

107 Protons 1.8ell

250 Protons 4.3el11

107 Gold 5.8e9

As one can see from the Table 3.4 the low and medinergy protons are the most worrisome.
However, by demanding the same tune shift we hagkented a significant benefit from the shorter
eRHIC bunches. Since the eRHIC bunches are lasshailf as long as the bunches during the study
, the synchrotron frequency in eRHIC can be moas tlouble the value during the study without
increasing the momentum spread of the bunch. o,Alse octupoles were off during the study and
operations with gold beams have shown that an ot#tipduced tune shift of comparable magnitude
to the tune shift from the bare lattice can beraikrl. Therefore, it is likely that careful tuningl
allow for double the intensities in the third coluiof the table.

With the exception of transition, single bunch ldadinal instabilities have not been observed in
RHIC. These instabilities occur only when the aehé synchrotron tune shift becomes comparable
to the synchrotron tune. This is equivalent to dediteg that the induced voltage from the machine

impedance be comparable to the rf voltage. Settiage equal givesZ/n|l = hw?o?V,., where
|Z/n| is the broad band impedance, h is the rf baircnnumber, and/,, is the amplitude of the rf

voltage. The most stringent condition occurs footgns with y =25 since the proximity to
transition reduces the allowed rf voltage. If \a&e the conservative value o /n=3jQ and the
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same momentum spread as was obtained during ttie she finds a threshold intensity d8x10"
protons per bunch. The actual impedance nearitiangs about half of the conservative estimate so
no longitudinal single bunch instabilities are extpd in eRHIC.

With short bunch spacing and large average curcenipled bunch instabilities are a concern. Both
short and long range wakefields along with the sesirand amounts of collisionless damping
available are key points. Since both longitudiaatl transverse single bunch instabilities are not
expected the short range wakefields are not langeigh to overcome the collisionless damping.
Therefore, we expect coupled bunch instabilitiely drthe tune shifts due to long range wakefields
are larger than the tune shifts due to short ramgkefields. The transverse impedance due to
resistive wall, abort kickers and unshielded bedss shown in Figure 3.22: Transverse resistance
(red) and reactance (blue) from the RHIC impedanacdel. Figure 3.22 and the resulting rigid mode
coupled bunch tune shifts are shown in Figure 3.23.
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Figure 3.22: Transverse resistance (red) and reactance (blugh&ddiIC impedance model.
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Figure 3.23: Real (red) and imaginary (blue) tune shiftdte rigid coupled bunch modes of protons with
eRHIC parameters gt = 25. All Landau damping is neglected.

Near the peak of the resistive wall growth ratenatle number 29, the magnitude of the coherent
tune shift is about 50% larger than the value foals mode numbers.

This is not too great a difference so if single dduimstabilities are absent we expect no problems
from transverse coupled bunch modes. If thergarlems then the maximum growth rate in figure
2 corresponds to an e-folding time of 5 millisecenathich should be fairly easy to damp. Once the
beams are brought into collision the nonlinear béaam forces will enhance the tune shift with
amplitude providing even more transverse damping.

Longitudinal coupled bunch modes have not beeniesdush detail, but no serious problems are
expected.

3.4 Beam Polarization Issues

Motion without snakes or spin rotators

To achieve a high energy polarized proton beamimegsj@n understanding of the evolution of spin
during acceleration and the tools to control iteTévolution of the spin direction of a beam of
polarized protons in external magnetic fields saslexist in a circular accelerator is governedhey t
Thomas-BMT equation[26],

dP e ~ LB
E:_(WJEGVBN(“G) B, P @3
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where the polarization vectoP is expressed in the frame that moves with theigbartHere
G=(g-2)/2 is the anomalous magnetic moment coefficient, &dand B, are the respective

longitudinal and perpendicular components of thgmetic induction in the laboratory frame. This
simple precession equation is very similar to tbeehtz force equation which governs the evolution
of the orbital motion in an external magnetic field

dv _ e Irs o=

& lmE oY
whereV is the proton’s velocity. From comparing these sgoiations it can readily be seen that, in a
pure vertical field, the spin rotat€sy times faster than the orbital motion. HeBe=1.792¢€ is the

anomalous magnetic moment coefficient of the praod y is the Lorentz factor. In this case the
factor Gy then gives the number of full spin precessionsefary full revolution, a number which is
also called the spin tung, . At top RHIC energy (250 GeV) this number reache8. Parameters for
protons as well as a few other ion species arengivelable 3.5. The Thomas-BMT equation also
shows that at low energigg =1) longitudinal fieldsg, can be quite effective in manipulating the
spin motion, but at high energies transverse figidsneed to be used to have any effect beyond the
always present vertical holding field.

Table 3.5. . Parameters for various polarized species. While deudsirtium ions are not presently being
considered, they are included for reference. Parameters fooakeatr10 GeV are also shown for comparison.

p ZH* SHT *He* e
m [GeV/c?] 0.9382720| 1.875612] 2.80892822.8083912| 0.0005109989
G=(9-2)/2 1.79284734 -0.1426177| 7.918194 -4.18396  0.001159652
mc®/G [MeV] 523.3418 | 13156.49| 354.7435  -671.2216 440.6485
Ry = Py/d [TM] 81.113 81.113 81.113 81.027
U, [GeV] 24.335 24.364 24.479 48.664
U;,/n [GeV] 24.335 12.182 8.160 16.221
Vioi 25.9362 13.0034 8.7146 17.328(
Gl 46.500 -1.854 69.004 -72.500
Riore = Peiordd [TM] 833.904 833.904 833.904 833.904 33.356
Usiore [GEV] 250.000 250.005 250.014 500.004 10
UsadN [GEV] 250.000 125.003 83.338 166.668 10
Vetore 266.4473 | 133.2926]  89.0069  178.0394 19569.54
Gletore 477.699 -19.062 704.774|  -744.91f 22.6938
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The acceleration of polarized beams in circularebators is complicated by the presence of
numerous depolarizing resonances. During acceberata depolarizing resonance is crossed
whenever the spin precession frequency equalsréogiéncy with which spin-perturbing magnetic

fields are encountered. There are two main typedepblarizing resonances corresponding to the
possible sources of such fieldsnperfection resonances, which are driven by magnet errors and

misalignments, anthtrinsic resonances, driven by the focusing fields.

The resonance conditions are usually expressedrinstof the spin tune,. For an ideal planar

accelerator, where orbiting particles experiendg tre vertical guide field, the spin tune is eqteal
Gy, as stated earlier. The resonance condition fpenfection depolarizing resonances arises when

v, =Gy =n, wheren is an integer. Imperfection resonances for protmestherefore separated by
only 523 MeV energy steps. The condition for irgraresonances g, =Gy =kP+tv, , wherek is
an integer,v, is the vertical betatron tune ané is the superperiodicity. For example at the
Brookhaven AGS,P=12 and v, =8.8. For most of the time during the acceleration eythe

precession axis, or stable spin direction, coirgiéh the main vertical magnetic field. Close to a
resonance, the stable spin direction is perturlveslydrom the vertical direction by the resonance
driving fields. When a polarized beam is acceleratierough an isolated resonance, the final
polarization can be calculated analytically[28] andiven by
_rief

P /R =2e = -] (3.5)
where P and P, are the polarizations before and after the resmmarossing, respectively, is the
resonance strength obtained from the spin rotatfathe driving fields, andr is the change of the
spin tune per radian of the orbit angle. When teanb is slowly @& < |£|2) accelerated through the

resonance, the spin vector will adiabatically fallthe stable spin direction resulting in spin flip.
However, for a faster acceleration rate partial oiemization or partial spin flip will occur.
Traditionally, the intrinsic resonances are overedm using a betatron tune jump, which effectively
makesa large, and the imperfection resonances are ovexaaitih the harmonic corrections of the
vertical orbit to reduce the resonance strengfR9]. At high energy, these traditional methods
become difficult and tedious.

Effect of Siberian snakes

By introducing a ‘Siberian snake’ [30], which gesess al80 spin rotation about an axis in the
horizontal plane, the stable spin direction remaimgerturbed at all times as long as the spiniortat
from the Siberian snake is much larger than the spiation due to the resonance driving fields.
Therefore the beam polarization is preserved duaitigleration. An alternative way to describe the
effect of the Siberian snake comes from the observdhat the spin tune with the snake is a half-
integer and energy independent. Therefore, neithperfection nor intrinsic resonance conditions
can ever be met as long as the betatron tunefeselit from a half-integer.

Such a spin rotator is traditionally constructedusyng either solenoidal magnets or a sequence of
interleaved horizontal and vertical dipole magrmatsducing only a local orbit distortion. Since the
orbit distortion is inversely proportional to theomentum of the particle, such a dipole snake is
particularly effective for high-energy acceleratoesy. energies above about 30 GeV. For lower-
energy synchrotrons, such as the Brookhaven AGB weéaker depolarizing resonances, a partial
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snake[31], which rotates the spin by less th&0, is sufficient to keep the stable spin direction
unperturbed at the imperfection resonances.

Acceleration of polarized protons

RHIC pC Polarimeters
P— o [0 BRAHMS & PP2PP (p)

PHOBOS

AC Dipole

~ o
Spin Rotators Siberian Snakes

Partial Siberian Snake

Booster

Pol. Proton Source

i
¥~ AGS Internal Polarimeter
YSRf Dipoles

Figure 3.24. Present layout of RHIC accelerator complex for polarin¢oingt

200 MeV Polarimeter

Each snake and rotator is composed of four hetlgale magnets[32]. Helical field magnets have
some distinctive advantages over more conventivaakverse snakes or rotators: (i) the maximum
orbit excursion is smaller, (ii) the orbit excunsits independent of the separation between adjacent
magnets, and (iii) they allow an easier controltted spin rotation and the orientation of the spin
precession axis.

In an ideal helical dipole magnet to be used far murposes, the central dipole field should rotate

through a complet&860 from one end of the magnet to the other. In a neadnet, of course, the
fields at the ends of the magnet will also contigbto the particle dynamics. We require that the

integraIsIBxdé anijydf are both less than 0.05 Tm. The maximum body fraltthus rotate

through an angle less th&60 along the axis of the magnet. Moreover, in oraesitplify the
construction of the snakes/rotators, a solutionidees found with all magnetic modules identical in
both devices. For the snakes each helix is rightieéd with the field at the end being vertical. H
rotators, the helices alternate between right aftchbndedness with the field at the end of eatik he
being horizontal.

The orbit though an ideal helix will have the inaaghand outgoing rays parallel but transversely
displaced. In order to have a net displacementeod through a snake we require that the offset be
canceled by powering in pairs with opposite fielflse inner pair are wired in series with opposite
polarity and powered by a common power supply. dbeer pair are also wired in series with
opposite polarity to a second supply. Figure 3125\s the field components, design orbit, and spin
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rotation through a snake at injection energy. A2 Z®V the required fields are almost the same, but
the orbit displacement in the middle of the snakerily about 3 mm.

By operating the helices at different currentsipossible to adjust both the amount of spin ramati
(angle 1) and axis of rotation. With the helices wired asatibed above, the axis of rotation for the

snake is in the horizontal plane at an angléom the longitudinal direction. Figure 3.26 shothe
dependence ofs and ¢ on the two field settings B, for the outer pair of helices, arf8, for the
inner pair.

SNAKE  OH Fmap y=25
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Figure 3.25: Field, orbit, and spin tracking through the four helical magnetshréas snake ay = 25.
The spin tracking shows the reversal of the vertical polarization.
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. Rotation Angles for a Helical Snakg
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Figure 3.26: Change of the direction of the snake rotation axis as eifuoicthagnet excitation. This
calculation uses a simplified analytical expression for the snake nafeleti The rotation axis of the snake

is @ (dashed), ang/ (solid) is the rotation angleB, is the field strength of the outer pair of helices, &d
is the field strength of the inner pair.

For the ion beam in the electron-ion interactiogior, a pair of spin rotators identical to the &r
rotators around STAR and PHENIX may be used. Spator parameters are listed in Table 3.6. The
result of the orbit and spin tracking is shown igufe 3.27. At STAR and PHENIX, the direction of
the spin rotator beam line is at a horizontal argke3.674mrad with the direction of the adjacent
insertion, the spin should emerge from the rotatdhe horizontal plane and at an an@e@ with

the rotator axis in order to obtain a longitudipalarization through the insertion region. The rezked
rotation is therefore dependent on the beam endrigg. values of the field needed to provide a
longitudinal polarization at different energies an@wn in Figure 3.28. The rotators will be turoed
only after accelerating the beam to the desirechgoenergy.

In the electron-ion interaction region, the incogiand outgoing rotators are parallel to the beam at
the interaction point. In this case, there is nb precession between the rotators and the collision
point, so to obtain longitudinal polarization theators will be set with fields corresponding te th
intersection of the? =0 and =90 contours of Figure 3.28. With no extra preces$iom beam
splitter magnets, there is no need to change vétuebfferent energies.
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Table 3.6. Parameters for the spin rotator magnets. Heli@ghets alternate right-handed and left-handed,
and all begin and end with horizontal fields. The centradl fsétengths were optimized to include end effects
of the magnets, and are calculated for longitudinal polarization at &me dalision point.

Number of helical magnets 4
Total length 10.56 m
Magnet bore 100 mm
Helical Magnets
Length Field helicity Field orientation Field Field

(effective) at entrance/exit (25 GeV) (250 GeV)
1 240 m right-handed Horizontal 21T 35T
2 240 m left-handed Horizontal 28T 31T
3 240 m right-handed Horizontal 28T 31T
4 240 m left-handed Horizontal 21T 35T
Max. orbit excursion (hor./ver.) (25 GeV) 25 mn0/rhm
Total field integral 23 T-m
Orbit lengthening (25 GeV) 1.4 mm

-25

B [tesla]
X,y [mm]

50 [

[ Spin Rotator Spin Rotator
OH Fmap =250 OH Fmap v=25

0 2 4 6 8 10 12 0 2 4 6 8 10 12

Sx
Sy

spin components

Spin Rotator
OH Fmap =25

1.0 . . \ .
0 2 4 6 8 10 12
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Figure 3.27: Field, orbit, and spin tracking through the four helical magnets of @tgior aty = 25. In this
example, the spin tracking shows how the polarization is brought fromaleaticorizontal.
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Figure 3.28: Excitation of the two pairs of helical magnets in theordtatchieve longitudinal polarization in
the insertion of RHIC, for various beam energies. The large dots indettiteys for the rotators around the
STAR and PHENIX detector. For the eRHIC collision point, there is no neibrotagtween the collision

point and the adjacent rotators, so the desired setting for longitudinat @t corresponds té =0" and
H=90".
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Figure 3.29: DEPOL calculation of intrinsic resonance strenfithgolarized protons in RHIC without
snakes.
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. . 3 2 .
Acceleration of polarized “He ™ ions

In order to scale to a different ion species susHHe*”, we should examine the parameters for a
single RHIC rotator helix. The pitch is given by
k=27 (3.6)
B :

where A =2.41m is positive for a right-handed and negative ftefthanded helix. The rotation axis
is given by

. kz+kX

N —— (3.7)

where

K:%(1+GV)B (3.8)

The transverse step of the trajectory is

with a precession angle of

2
Ax =%B—k" =%"—ﬂ B. (3.10)
The Lorentz factor for a given rigidity is
_ (ZeRjZ
y=, 1+ —1, (3.11)
mc

for an ion with with rigidity R= p/q, chargeZe and massm. We want to have the same spin
precession in snakes and rotators for other ionforaprotons. Keeping the rigidity constant for
different ion species, we should scale the fiekls a

2
1+G, |1+ =
' [mpcj B

2

1+G 1+[eRj
mc

from protons to ions, where thesubscript indicates parameters for the ion.
Assuming that the maximum energy at storage cooredp to a rigidity ofR=834Tm, then the
maximum value of Lorentz factor fotHe™ would be178 03¢. Values for injection and storage
energy are given in Table 3.5. It should be noteat there are about 56% more precessions for
*He™ than protons at the same rigidity. Since the msioas for’He* are larger, we should expect
more depolarizing resonances. The resonances laallee stronger. This can be seen by comparing
DEPOL calculations with no snakes for protons igué 3.29 andHe™ in Figure 3.30. In principle
with snakes, acceleration dHe* should be possible to full energy, but the closgut and tune
requirements will be more severe fide™. The scaling to'He** for the rotators actually lowers the
required fields to obtain longitudinal polarizatiofable 3.7 gives rough values of field settings fo
the snakes and rotator settings (electron-ion éxjet). Since the transverse excursions in scale

B =

. (3.12)
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with field (See Eq.(3.10) ), the beam excursions*ide** in snakes and rotators will be about 65%
of the size of those for protons at the same tigidi

Table 3.7. Approximate field settings for snakes (ouggr; inner: B, ) and rotators (oute, , inner: B, |

at full energy. Note that even thou@h has opposite signs for protons attde*?, the snakes power supplies

do not need to be reversed, since we only require that the smas be a0’ to each other. Similarly the
rotator supplies at the electron-ion experiment do not need toveesed, since the precession is about the
radial X -axis in the rotators.

P *He"
B, [T] 12 0.77
B,. [T] 4.0 257
B, [T] 18 1.16
B, [T] 2.9 1.87

Other possible species

Acceleration of tritium ions would probably be siamito *He*?. Deuterons have a considerably
smaller anomalous magnetic moment coefficient wkohild require much higher field magnets for
full snakes. It might be possible to deal with @eohs by operating a single snake as a partialesnak
Scaling a 100% snake for protons to deuterium makesit an 8% snake. With only a single snake,
the snake axis could be in any direction, so wehinignsider ramping the snake to a higher strength
up the ramp. Strong intrinsic resonances might dedled by an ac dipole as we have done in the
past with polarized protons in the AGS.
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Figure 3.30: DEPOL calculation of intrinsic resonance strenfgthpolarized Hé ions in RHIC without
snakes. Compare this with Figure 3.29. Here there are more resonandbeyaatd stronger than for protons.
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